An N=1 Poincaré supergravity action, suitable for describing the Starobinsky inflation, is proposed. It extends f (R) gravity to supergravity in its old-minimal version. The action is parametrized by a single holomorphic potential and a single nonholomorphic potential, and can be dualized into the standard matter-coupled supergravity action, with the "matter" given by two chiral superfields. The action extends the earlier proposals for embedding the Starobinsky inflation to supergravity, and can be further generalized to describe quantum corrections to the inflation. Our approach assumes the gravitational origin of inflaton and quintessence in the context of supergravity, by using a single chiral scalar curvature superfield.
Introduction
The most recent (March 2013) PLANCK satellite mission data [1] combined with the WMAP9 polarization and lensing data [2] yield n s = 0.960 ± 0.007 for the CMB spectral index, r < 0.08 for the CMB tensor-to-scalar-ratio with the 95% level of confidence, and f N L = 2.7 ± 5.8 with the 68% level of confidence for the CMB non-Gaussianity parameter. This data apparently favors the inflationary models with relatively low r and low non-Gaussianity. The Starobinsky inflationary model based on the (R + R 2 ) gravity [3] perfectly fits the bill, so it inspired renewed interest to that model in the recent literature in the context of supergravity (see eg. Ref. [4] and references therein). Embedding the Starobinsky inflation into supergravity is the important step towards embedding inflation into unified theories of particle physics, including superstrings.
The simplest Starobinsky model is described by the action (see Ref. [5] for our notation with the reduced Planck mass M Pl = 1)
in terms of metric g µν (x) having the scalar curvature R, with the only mass parameter M . The parameter M is fixed by the CMB data as M = (3.0 × 10 −6 )( 50 Ne ) where N e is the e-foldings number. The action (1) can be dualized by the Legendre-Weyl transform [6] to the standard quintessence acton with the celebrated scalar potential
that is quite suitable for viable inflation at large positive φ rolling down over the plateau. The physical meaning of inflaton (dubbed scalaron) with the mass M in the Starobinsky model is given by the spin-0 part of metric and thus has the clear geometrical origin. The gravitational origin of scalaron is obscure in the quintessence picture. Knowing the inflaton origin is essential for fixing its interactions with other (matter) fields, which is instrumental for reheating after inflation [5] . Some comments are in order here. First, the action (1) has higher derivatives but the equivalent quintessence action has not (of course, this equivalence is classical). It means that the ghosts can be avoided in the theory (1) despite of the presence of the higher derivatives. Second, it demonstrates the "accidental" drop of the spin-0 part of metric in the Einstein-Hilbert action (describing only the propagating spin-2 part of metric) versus more general actions that are non-linear in R. The latter are known as the f (R)-gravity actions, whose Lagrangian is given by
and they represent the particular class of modified gravity theories which can provide viable geometrical description of inflation as well as dark energy (see eg. Ref. [7] for a review), in agreement with all known physical observations. The current status of the f (R) gravity theories is phenomenological (or macroscopic) and truly non-perturbative (or non-linear).
In the context of the f (R) gravity models of inflation the action (1) is the simplest representative of the class of viable actions (3), whose function f takes the form f = R − R 2 6M 2 A(R) in the high-curvature regime with the slowly varying function A(R) subject to the conditions
where the primes denote the derivatives with respect to R. The R 2 term dominates during inflation, while the coefficient in front of the R 2 -action is dimensionless. It gives rise to the scaling invariance of the Starobinsky inflation in the large R limit. This scaling invariance is not exact for finite (large) values of R, and its violation is exactly measured by the slow-roll parameters, in full correspondence to the nearly conformal spectrum of the CMB perturbations presumably associated with the scalaron field. It was proposed in Ref. [8] to identify the scalaron with the Goldstone boson associated with the spontaneously broken scale invariance. The viable f (R) gravity models of the (dynamical) dark energy have very complicated f (R)-functions (see eg. Refs. [9, 10, 11] ) in order to obey the Newtonian limit, the Solar System tests and the cosmological tests via the Chameleon mechanism [12] .
Hence, in order to properly supersymmetrize f (R) gravity to the form suitable for its viable applications to inflation, reheating and dark energy, we need a generic N = 1 locally supersymmetric action subject to the following neccessary conditions:
• it should depend only upon the single supergravity superfield having the scalar curvature R amongst its field components,
• it should be possible to dualize that action to the standard matter-coupled supergravity without higher derivatives.
The first condition guarantees the (super)gravitational origin of the theory. The second condition is needed to avoid ghosts. In this Letter we propose such action in the oldminimal Poincaré supergravity for describing the Starobinsky inflation and the subsequent reheating. In Sec. 2 we briefly review our setup. In Sec. 3 we propose the action subject to the conditions formulated above. Sec. 4 is our Conclusion.
Old-minimal Supergravity Setup
We use the old-minimal formulation of supergravity in curved superspace (see eg. Refs. [13, 14, 15, 16] for details), which is manifestly supersymmetric. We use the lower case middle Greek letters µ, ν, . . . = 0, 1, 2, 3 for curved spacetime vector indices, the lower case early Latin letters a, b, . . . = 0, 1, 2, 3 for flat (target) space vector indices, and the lower case early Greek letters α, β, . . . = 1, 2 for chiral spinor indices. The flat superspace indices together are denoted by capital early Latin letters, the curved superspace indices together are denoted by capital middle Latin letters.
The supergravity superfield R containing the Ricci scalar curvature R amongst its field components is covariantly chiral, ∇ • α R = 0, and obeys other off-shell constraints [13, 14, 15] . In our notation [5] its bosonic field components are
where the (∇ α , ∇ • α ) are the spinor covariant derivatives in curved superspace of the oldminimal supergravity, the vertical bars denotes the leading field components of the superfields, the horizontal bars denote Hermitian conjugation, and the dots stand for the fermionic contributions. The complex scalar X and the real vector b a are the standard set of the "auxiliary" fields in the old-minimal off-shell formulation of supergravity. However, in the context of field theory with higher derivatives, they can become propagating. Since it may lead to ghosts, demanding the ghost freedom is one of the reasons for the second condition at the end of our first Section.
In the old-minimal formulation of supergravity (after the superconformal gauge fixing with a chiral compensator) there exist an invariant chiral superspace, where the chiral compensator is converted into the chiral density E whose bosonic field components are
where e = √ −g is the spacetime density. Therefore, one can define the invariant chiral superspace action [17] 
in terms of an arbitrary holomorphic potential F . The standard (textbook) Poincaré supergravity corresponds to the choice F (R) = −6R. The action (7) was proposed in Ref. [17] (where it was dubbed the F (R) supergravity) as a supersymmetric extension of the f (R) gravity action (3). Its cosmological applications were studied in Refs. [18, 19, 20, 21, 22, 23, 24, 25, 26] . There exist a more general invariant chiral action with the potenial F (R, W 2 ) depending upon the covariantly chiral Weyl superfield W αβγ , ∇ • α W αβγ = 0, that has the Weyl tensor amongst its field components [27] .
Besides having the manifest local N = 1 supersymmetry, the action (7) also has the so-called auxiliary freedom [28] because the scalar auxiliary field X does not propagate. The scalar curvature R enters the action (7) linearly but has a non-minimal coupling to X. Therefore, the algebraic equation of motion for X can be solved for X as a function of R. Substituting the solution back into the action yields some function f (R) in the Lagrangian with the fermionic extension required by supersymmetry. Unfortunately, the class of real functions f (R) that can be obtained by this procedure from a holomorphic (or analytic) master function F appears to be too narrow for describing a viable inflation.
However, the requirement of the auxiliary freedom is not necessary as long as it does not lead to ghosts. The ghost freedom is also achieved provided that the higher derivatives can be eliminated by a duality transformation. Then more general supersymmetric actions are possible, though with some extra physical degrees of freedom. A general pattern for those actions was found the long time ago by Cecotti [29] by using the N = 1 superconformal tensor calculus, and it reads 1
in terms of a non-holomorphic potential N (R, R). The integration in Eq. (8) goes over the whole curved superspace with a supervielbein E A M (x, θ, θ) and its superdeterminant
. It is obvious that the supergravity "auxiliary"
field X = R| is propagating in the theory (8) , while the form of Eq. (8) is similar to a generic kinetic term of a chiral superfield. Of course, in the standard (textbook) supergravity, we have N (R, R) = −3 = const.
Action
The new action we propose is just a sum of Eqs. (7) and (8),
and it is parametrized by two arbitrary functions, a non-holomorphic (real) potential N (R, R) and a holomorphic (analytic) potential F (R). The action (9) is similar to a generic action of an independent dynamical chiral matter superfield Φ minimally coupled to supergravity (without higher derivatives), having the form
with the Kähler potential K(Φ, Φ) and the superpotential W (Φ). However, the chiral superfield R is not independent but is given by the constrained chiral scalar curvature superfield, so that the action (9) has higher derivatives. The scalar curvature R enters the action (9) quadratically, but with non-minimal couplings of X to both R and R 2 . In order to understand the physical significance of the action (9), let us rewrite it to the form
1 In our approach the superconformal tensor calculus is not necessary.
where we have introduced two independent (covariantly) chiral superfields, J and Y, the covariantly chiral Lagrange multiplier superfield Λ, and the holomorphic function Z(Y) which is the Legendre transform of F (R),
where the arguments R and Y are algebraically related by the equations
The algebraic equation of motion of the superfield Y, which follows from the variation of the action (11) with respect to Y, together with its solution coincides with Eq. (13) . Substituting the solution into the action (11) yields back the holomorphic terms in Eq. (9) because of Eq. (12) . Varying the action (11) with respect to Λ yields
so that its substitution into the action (11) gives back the non-holomprphic term in Eq. (9). It proves the classical equivalence of the actions (9) and (11). The action (11) does not have higher derivatives and can be transformed into the standard form of the matter-coupled supergravity theory, as is shown below.
First, by using the (Siegel's) identity in supergravity, the action (11) can be rewritten to
After a change of variables, T = Y + Λ, it is easy to see that the superfield Y does not enter the kinetic terms in the action (15) so that its equation of motion is algebraic, and it reads
The solution to Eq. (16) is therefore given by
because of Eqs. (12) and (13) .
We are now in a position to read off the Kähler potential K(J, J; T , T ) and the superpotential W (T , J) of the matter-coupled supergravity theory in Eq. (15) in terms of two dynamical chiral superfields T and J as follows:
and
The bosonic sector of this theory is given by [30] 
with the scalar potential [30] 
where we have introduced the notation
and the function [30]
The Kähler potential in Eq. (18) is of the no-scale type [31] . In particular, when N (J , J) = JJ, it describes the non-linear sigma-model [32] on the non-compact homogeneous space SU (2, 1)/SU (2) × U (1).
The special cases of the theory (9) in its dual form above were extensively studied in the recent literature devoted to embedding of the Starobinsky inflation into supergravity. The case of N = 0 with an arbitrary F was investigated in Refs. [5, 25] . The case of N = N (J J) with F ′ (J) = −1/2 was used in Refs. [33, 34, 35, 36] to generate the inflationary scalar potential (2) in the parametrization T = Our theory in the dual form defined by Eqs. (18) and (19) also overlaps with the SU (2, 1)/U (2) no-scale supergravity models studied in Ref. [37] with a generic superpotential W (T , J) and N = JJ. The specific superpotentials W reproducing the scalar potential (2) were proposed in Ref. [37] too. 2 Stability of the inflationary trajectory in the approach [37] can also be achieved by adding a quartic term (JJ) 2 (with a negative coefficient < 17) to the naive N -function equal to JJ in the Kähler potential.
In our approach both superfields J and T have the supergravitational origin, being related to the single chiral supergravity superfield R in the original picture (with higher derivatives), while the superpotential (19) has the particular (not arbitrary) form.
Conclusion
Our main results are given by Eqs. (9), (15) , (17) , (18) and (19) . Most of those actions can be extracted from the Cecotti's paper [29] after the superconformal gauge fixing. In this Letter we identified those old-minimal Poincaré supergravities that are needed for realization of the Starobinsky inflation (and, perhaps, the present dark energy too) in supergravity, when using only a single supergravity superfield R.
The alternative to the old-minimal formulation of supergravity is provided by its newminimal formulation [13, 14, 15] where (in the superconformal context relating the two versions) the chiral compensator is replaced by the real linear compensator. Those off-shell formulations are inequivalent in the supergravity theories with higher derivatives. As was demonstrated in Ref. [39] , the new-minimal version of supergravity can be successfully used for embedding the scalar potential (2), while the dual version of that theory has a dynamical massive vector multiplet whose loweset real scalar field component plays the role of inflaton. The approach of Ref. [39] was extended in Ref. [4] , where it was found that the general master action of the new-minimal supergravity is governed by a single real potential, so that any single-real-field scalar potential, which is the square of a real function (related to the real potential), can be upgraded to the old-minimal supergravity. That approach is not directly related to f (R) gravity. Our master action (9) has two potentials, one holomorphic and another non-holomorphic, so that it seems to be more powerful.
Quantum corrections to the low-energy effective action (9) may appear in the form of the higher order terms with the covariant derivatives of the scalar curvature superfields R and R. As was shown in Ref [39] , those corrections may destabilize the Starobinsky inflation by reducing the size of the plateau in the scalar potential (2) -the plateau should have the size about 5 in the Planck units, in order to achieve N e > 50. It is not very surprising from the point of view of f (R) gravity -it is well known that the higher order terms in the scalar curvature (beyond the R 2 ) represent a threat to the Starobinsky inflationary scenario (see eg. Ref. [5] ).
Of course, our main purpose is not just to demonstrate that the Starobinsky inflation is compatible with local supersymmetry, and it is much more than embedding of a particular scalar potential into supergravity. The natural appearance of the no-scale supergravity from the action (9) signals good perspectives for unifying inflation with particle physics (beyond the Standard Model) because the no-scale supergravity can be used for a dynamical solution to the hierarchy between the electro-weak and Planck scales. And the no-scale supergravity naturally emerges as the low-energy effective action in superstring compactifications.
